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Wnt3a Plays a Major Role in the Segmentation
Clock Controlling Somitogenesis
mouse embryos (Tam, 1981). While somites form at the
anterior PSM, new cells emerging from a growth zone,
the primitive streak or tail bud, are added to the posterior
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and Bernhard G. Herrmann1,* end of the PSM. These new PSM cells are already en-
dowed with an intrinsic program leading to segmenta-1Abteilung Entwicklungsbiologie and
2 Abteilung Molekulare Embryologie tion (Keynes and Stern, 1988).
In order to account for this intrinsic segmentation pro-Max-Planck-Institut fu¨r Immunbiologie
Stu¨beweg 51 gram and periodicity, several models, comprising the
“clock and wavefront” model, Meinhardt’s model, theD-79108 Freiburg
Germany “cell cycle” model, and the “clock and trail” model, pro-
posing an oscillator as a principal component, have3 Anatomisches Institut II
Albert-Ludwigs-Universita¨t been put forward (Cooke and Zeeman, 1976; Kerszberg
and Wolpert, 2000; Meinhardt, 1986; Stern et al., 1988).Albertstr. 17
D-79104 Freiburg The discovery of oscillating expression of c-hairy1 in
the PSM of chick embryos provided the first molecularGermany
4 Institut fu¨r Molekularbiologie evidence for the existence of a segmentation clock (Pal-
meirim et al., 1997). Meanwhile, several other cyclingOE5250
Medizinische Hochschule Hannover genes, such as lunatic fringe (Lfng), her1, c-hairy2, Hes1,
and Hey2 have been identified in different species (Pour-Carl-Neuberg-Str. 1
D-30625 Hannover quie, 2001). They all behave in a similar manner with
respect to the dynamics of their expression pattern inGermany
the PSM and all depend on Notch signaling (Barrantes
et al., 1999; Jouve et al., 2000; Leimeister et al., 2000).
These data linked Notch signaling to the segmentationSummary
clock. However, though impairment of Notch signaling
affects intrasegmental polarization and the formation ofThe vertebral column derives from somites generated
regular boundaries, it does not prevent segmentationby segmentation of presomitic mesoderm (PSM).
(Conlon et al., 1995; Evrard et al., 1998; Hrabe de AngelisSomitogenesis involves a molecular oscillator, the
et al., 1997; Oka et al., 1995; Zhang and Gridley, 1998).segmentation clock, controlling periodic Notch signal-
Thus, the role of Notch-dependent periodic gene ex-ing in the PSM. Here, we establish a novel link between
pression in the segmentation process remains unre-Wnt/-catenin signaling and the segmentation clock.
solved.Axin2, a negative regulator of the Wnt pathway, is di-
Recently, a graded distribution of Fgf8 along the PSMrectly controlled by Wnt/-catenin and shows oscillat-
and a role of Fgf8 in setting the segment boundary posi-ing expression in the PSM, even when Notch signaling
tion have been reported (Dubrulle et al., 2001). Theseis impaired, alternating with Lfng expression. More-
data provided molecular evidence for a gradient, pre-over, Wnt3a is required for oscillating Notch signaling
dicted in several models to play an essential role inactivity in the PSM. We propose that the segmentation
the segmentation process (Cooke and Zeeman, 1976;clock is established by Wnt/-catenin signaling via a
Meinhardt, 1986).negative-feedback mechanism and that Wnt3a con-
Thus, there is now molecular evidence for the func-trols the segmentation process in vertebrates.
tional importance of a gradient and a segmentation
clock in the PSM. However, the mechanism by which
Introduction the segmentation clock is established and by which it
interacts with the gradient in forming a regular array of
In 1686 Malpighi reported, in Opera Omnia, the exis- segments has not been uncovered.
tence of a segmentation process in vertebrate embryos, Here, we provide evidence for a novel link between
indicated by the formation of somites, the precursors Wnt/-catenin signaling and the segmentation clock
of the vertebrae, all striated muscles, and the dermis of and for a graded distribution of Wnt signaling along the
the back (Christ and Ordahl, 1995). While considerable PSM. Furthermore, we present data suggesting that the
progress has been made in understanding the matura- segmentation clock involves a negative-feedback loop
tion and function of somites, the answer to the question between Wnt/-catenin signaling and the Wnt inhibitor
of how somites form still remains largely elusive. So- Axin2. Our data suggest a major role of Wnt3a in the clock
mites bud off from the presomitic mesoderm (PSM) as and gradient controlling the segmentation process.
pairs of epithelial spheres in an anterior to posterior
sequence (Gossler and Hrabe de Angelis, 1998). Their Results
formation is a periodic process, repeated approximately
every 90 min in chick embryos and every 90–120 min in Axin2 Expression in the PSM Oscillates
In the course of a large-scale screen for genes specifi-
cally transcribed in the tail bud and/or PSM, we isolated*Correspondence: herrmann@immunbio.mpg.de
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Figure 1. Axin2 Shows Oscillating and
Graded mRNA Expression in the PSM
Whole-mount in situ hybridization showing
Axin2 expression in 9.5 dpc embryos; (A)
whole-mount embryo, (B) sagittal section of
caudal region, and (C) enlargement of anterior
PSM emphasizing the stripe of Axin2 in the
caudal half of presomite 0 (S0); note the graded
distribution of Axin2 mRNA along the PSM (A
and B).
(D) Cyclic pattern of Axin2 mRNA expression,
shown for 22- and 23-somite stage embryos;
note the change from strong expression in
tail bud and graded distribution along PSM
(phase 1, n 71/143) to two stripes in anterior
PSM (S0 and S-I, phase 2, n 24/143) to weak
expression in tail bud and posterior PSM with
broad domain caudal of S-I (phase 3, n 
48/143).
(E–G) Embryo half culture experiments show-
ing a change in the Axin2 expression pattern
during the incubation period of 85 min (E)
or 60 min (F); after 125 min incubation time,
similar patterns were observed, while a new
somite had formed (white arrow) (G). Arrow-
heads, the SI/S0 boundary; asterisks, the in-
cubated embryo half; PSM, presomitic meso-
derm; tb, tail bud.
Axin2, a negative regulator of the Wnt/-catenin signal- 1999; Forsberg et al., 1998; McGrew et al., 1998; Pal-
meirim et al., 1997).ing cascade (Behrens et al., 1998). Axin2 is expressed
To obtain further evidence for this finding, we per-in the tail bud, PSM, dorsomedial lip of the dermomyo-
formed embryo half culture experiments and assayedtome of mature somites, lateral plate mesoderm, limb
for a change in the expression of Axin2 after culturingbuds, brain, spinal cord, and branchial arches I and II
one of the two halves for a defined time period. When(Figure 1A and data not shown). Axin2 shows strong
a culture period between 30 and 90 min was chosen,expression in the tail bud and a graded distribution in
most embryos (34/39) showed a difference in the expres-the PSM, with a sharp anterior boundary in presomite I
sion patterns of the two PSM halves (Figures 1E–1F and(S-I), separated from a stripe of expression in the caudal
data not shown). The changes were most evident in thehalf of S0 (Figures 1A–1C; Figure 1D, phase 1). This PSM
tail bud region, where the expression changed from verypattern was detectable throughout somitogenesis (data
strong to absent or vice versa. This demonstrated thatnot shown).
Axin2 expression in the PSM oscillates during a segmen-The analysis of a larger number of 9.5 dpc embryos
tation cycle period. Moreover, when a culture period ofrevealed additional patterns of Axin2 expression in the
125  10 min was chosen (n  11/14), the expressionPSM, which could be grouped into three different
pattern was very similar in both PSM halves, and a newphases (Figure 1D). Out of 143 embryos examined, 71
somite had formed on the incubated half (Figure 1G).showed the pattern described above, representing
Thus, the period of oscillations of Axin2 expression isphase 1. In part of the embryos (n  24/143), a second
in concordance with the segmentation cycle. Axin2 isstripe has formed in the anterior PSM, followed by a
the first member of the Wnt/-catenin pathway showinggap (phase 2). In another subset of embryos (n  48/
oscillating expression in the PSM, and this finding links143), Axin2 expression is strongly downregulated in the
the Wnt signal cascade to the segmentation process.
tail bud, while a broader domain of Axin2-positive cells
remains in the anterior PSM and is separated from the
stripe in S0 (phase 3). The dynamic change of expression Axin2 and Lfng Transcription Oscillate
is repeated in each cycle of somite formation, as shown out of Phase
here for 22- and 23-somite stage embryos. This observa- All previously known cycling genes are Notch1 targets
tion suggested that Axin2 expression in the PSM is con- and share the same oscillation characteristics; they all
trolled by the segmentation clock, similarly to the Notch1 cycle in phase (see introduction). To determine whether
Axin2 behaves in a similar manner, we compared thetarget genes c-hairy1 and Lfng (Aulehla and Johnson,
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Figure 2. Axin2 and Lfng Transcription Oscillate out of Phase
Whole-mount in situ hybridization of 9.5 dpc embryos (A–C) or embryo halves (D–F), stained for Axin2 and Lfng.
(A–C) The same embryos were stained first for Lfng (A–C) and then for Axin2 (A–C).
(D–F) Embryo halves were stained for either Axin2 (left) or Lfng (right).
(G–I) Schematic representation of expression patterns shown for phase 1 (A, A, and G), phase 2 (B, B, and H), and phase 3 (C, C, I) of the
Axin2 expression cycle in relation to cyclic Lfng (nomenclature for Lfng cycles according to Pourquie and Tam [2001]); note the alternating waves
of Axin2 and Lfng expression in the tail bud and posterior PSM, while expression of both genes overlaps and is stable in the anterior PSM.
mRNA expression of Axin2 and Lfng in whole-mount Delta/Notch signaling. In Dll1/ embryos, we observed
a marked difference in the expression level of Axin2 inembryos (n140) and embryo halves (n45). Strikingly,
when Axin2 is strongly expressed in the tail bud and the tail bud and posterior PSM of various specimens (n
21), although the maximum expression level appearedposterior PSM, Lfng expression is weak or absent in
the tail bud but shows expression in the anterior PSM, lower and downregulation was not as strong as in wild-
type (Figures 3A and 3B; see Figure 1D, phases 1 andoverlapping with Axin2 in this region (Figures 2A, 2A,
and 2D). Likewise, when Axin2 expression in the tail bud 3, for comparison). The stripe of stable Axin2 transcripts
in S0 was never observed in Dll1/ embryos (Figuresis fading, Lfng expression is upregulated in the tail bud
and posterior PSM (Figures 2B, 2B, and 2E). In phase 3A–3E), and expression sites outside the paraxial meso-
derm appeared unaffected (data not shown).3 of the Axin2 cycle, Lfng shows maximal expression in
the tail bud and PSM (C, C, and F). A comparison of A more detailed examination of Axin2 expression was
then carried out by Dll1/ embryo half culture experi-the cycling expression patterns of both genes is sche-
matically shown in Figures 2G–2I. Thus, Axin2 and Lfng ments (n 21), whereby one embryo half was incubated
for 45–90 min. In most embryos, the expression of Axin2oscillate out of phase, apparently alternately, in the pos-
terior PSM and tail bud, clearly distinguishing Axin2 from in the posterior PSM and tail bud differed between the
fixed and the incubated halves (n  13/21). In a subsetall cycling genes described so far.
of embryos, a switch from strong to weak expression
(n8/13; Figure 3D) or vice versa had occurred duringAxin2 Expression Still Oscillates When Notch
Signaling Is Impaired the incubation period (n  5/13; Figure 3E).
These data show that the expression of Axin2 in theIn mouse embryos lacking Dll1, the ligand of Notch1,
all previously known cycling genes are strongly down- PSM still oscillates when Delta/Notch signaling is im-
paired, though Axin2 oscillations may be modulated byregulated (Barrantes et al., 1999; Pourquie, 2001). There-
fore, we asked whether Axin2 is also dependent on the Notch signal cascade. The expression of Wnt3a and
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Figure 3. Axin2 mRNA Expression Oscillates
Even When Notch Signaling Is Impaired
In situ hybridizations of Dll1/ whole-mount
embryos (A and B) and embryo halves (C–E).
(A and B) A marked difference in Axin2 ex-
pression levels is observed in the PSM and,
in particular, in the tail bud of Dll1/ embryos.
(A) Embryo showing graded expression peak-
ing posteriorly; note the absence of anterior
stripe of stable Axin2 expression (arrow).
(B) Expression in the tail bud is weak (arrow)
and nongraded in the PSM.
In embryo half culture experiments, a strong
difference in Axin2 expression is detectable
in the tail bud/PSM between the fixed and
the incubated half, changing from strong to
weak (D) (t  60 min) or vice versa (E) (t 
60 min). No change was observed in control
embryo halves (n  4), both incubated for 75
min (C). Wnt3a and Brachyury (T ) expression
were not altered, and Fgf8 expression was
slightly reduced in Dll1/ embryos (F). Aster-
isks, incubated embryo halves.
the Wnt3a target Brachyury was not affected, and the same regulatory region upstream of the lacZ reporter
and introduced it into mouse embryos. Embryos ex-expression of Fgf8 in the PSM appeared slightly reduced
in Dll1/ embryos (Figure 3F). pressing lacZ from the wild-type Axin2 promoter (n 
14/17) showed -galactosidase activity in accordance
with the mRNA expression pattern of Axin2, includingAxin2 Is a Direct Target of the Wnt/-Catenin
Signaling Cascade expression in the tail bud and PSM (Figure 4B, left panel).
In contrast, none of the transgenic embryos injectedCyclic activation of Axin2 in the tail bud and posterior
PSM of Dll1/ embryos suggests that Notch signaling with the construct containing the mutant promoter (n 
0/17) showed staining in the tail bud or PSM, whereas,is not essential for the segmentation clock. This raised
the question, how is Axin2 expression regulated? In a in most of these embryos (n  16/17), the mid/hindbrain
region (Figure 4B, right panel) and, in some (n  8/17),screen for genes inducible by Wnt1 in mouse embryonic
stem cells, we found that Axin2 was upregulated. This a few other sites were -gal positive (data not shown).
These data demonstrate that Axin2 expression in theopened the possibility that Axin2 is directly controlled
by the Wnt/-catenin signaling pathway. Indeed, the tail bud and PSM directly depends on Wnt/-catenin
signaling.Axin2 promoter region contains multiple Lef1/Tcf con-
sensus binding sites. Seven such sites were identified
in a 3.6 kb region comprising intron 1. This region (Ax2 Wnt3a Controls Oscillations of Notch Signaling
in the Posterior PSMP/I1) was cloned upstream of a luciferase reporter and
tested in HEK293 cells for activation by a dominant ac- The above data suggested that Wnt/-catenin signaling
in the tail bud and PSM oscillates and is controlled bytive form of -catenin, -catS33A. A 6-fold induction of
the reporter activity was achieved, which was further the segmentation clock, as has been shown for Notch
signaling (Pourquie, 2001). Since Wnt/-catenin signal-increased by cotransfection of Tcf1E. In contrast, point
mutations introduced into the Lef1/Tcf binding sites ing still oscillates when Notch signaling is impaired, does
Delta/Notch signaling also oscillate when Wnt signalingstrongly interfered with reporter gene induction (Figure
4A). These data provide strong evidence that Axin2 is is impaired? To answer that question we made use of
mutant embryos harboring the Wnt3a hypomorphic al-a direct target of the Wnt/-catenin pathway.
In order to test whether Axin2 expression in the em- lele vestigial tail (vt). It has been shown that Wnt3a ex-
pression is reduced in the tail bud of vt/vt embryos frombryo is also controlled by Wnt signaling, we cloned the
Wnt Signaling in the Segmentation Clock
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Figure 4. Axin2 Is a Direct Target of Wnt/
-Catenin Signaling
(A) An Axin2 promoter fragment (Ax2-P/I1)
drives luciferase expression in HEK293 cells
in the presence of the dominant active
-catenin allele S33A; expression is further
upregulated by coexpression of Tcf1E. Muta-
tion of Tcf/Lef binding sites in the Axin2 pro-
moter slightly (1–4 m and 5–7 m) or strongly
(1–7m) reduce -catenin/Tcf1E-mediated
transcriptional activation, depending on the
number of sites altered. Exons 1 and 2 of
Axin2, black boxes; wild-type Tcf/Lef binding
sites, gray boxes; mutated binding sites,
crosses.
(B) Reporter assay of the wild-type (Ax2 P/
I1::lacZ) or mutated (Ax2 P/I1 1-7m::lacZ)
Axin2 promoter driving lacZ gene expression
in transgenic 9.5 dpc mouse embryos; the
wild-type promoter functions in accordance
with the observed mRNA expression pattern
of Axin2, while -gal activity is absent from
all structures derived from the primitive
streak/tail bud, including the PSM, of the em-
bryos harboring the mutated promoter-
reporter construct.
9.5 dpc onward, and this precedes an overt loss of The expression analysis of Notch pathway genes re-
vealed an interesting behavior. Dll1 expression wassomites that is first apparent at 10.5–11.0 dpc (Greco
et al., 1996). We reasoned that, within this time frame, hardly affected in the PSM of vt/vt embryos but was
visibly downregulated in the tail bud (Figure 5A). Notch1between downregulation of Wnt3a and onset of a mor-
phological phenotype, one can study the effects of re- expression in vt/vt tails was not significantly different
from that in heterozygous vt/ controls. In sharp con-duced Wnt3a signaling on the segmentation program,
well before the absence of Wnt3a expression in the tail trast, however, the expression pattern of Lfng was
strongly altered in vt/vt embryos (n 19/21) (Figure 5B),bud results in a complete arrest of posterior develop-
ment (Takada et al., 1994). showing a single broad stripe of expression in the PSM,
which coincided with the anterior domain of strongAll embryos examined were therefore analyzed at
10.25 dpc. As expected, Wnt3a transcripts were not Notch1 expression in most specimens. No wave and
stripe pattern, typical of oscillating Lfng expression, wasdetectable in vt/vt tails of 10.25 dpc embryos (Figure
5A). Axin2 was strongly downregulated in the tail bud found, and expression in the posterior PSM and tail bud
was downregulated.and PSM of mutant embryos, except for a faint stripe
of expression in the anterior PSM (Figure 5A). This dem- These data strongly suggest that oscillating Lfng ex-
pression in the posterior PSM and tail bud depends ononstrates that Axin2 acts downstream of Wnt3a and that
Wnt/-catenin signaling had been arrested in the mutant Wnt3a. Since Lfng is a direct target of Notch signaling
(Cole et al., 2002; Morales et al., 2002), these data arguePSM. Fgf8 expression was also downregulated in the
mutants, although Brachyury transcripts were readily that the oscillations of Notch signaling in the posterior
PSM are controlled by Wnt/-catenin signaling. In con-detectable. In gastrulating Xenopus embryos, eFGF is
involved in a positive-feedback loop with Brachyury trast, the stable Lfng expression in the anterior PSM is
differently controlled, as shown previously (Cole et al.,(Schulte-Merker and Smith, 1995). However, our data
suggest that, in the context of the PSM, Fgf8 is con- 2002; Morales et al., 2002). The combined data strongly
suggest that Wnt/-catenin signaling acts upstream oftrolled by Wnt3a and may not be downstream of
Brachyury. It is unclear why Brachyury, which is also Delta/Notch signaling in the segmentation clock.
Since neither Wnt/-catenin nor Delta/Notch signalingcontrolled by Wnt3a, is strongly expressed in the mutant.
One possible explanation would be that Brachyury tran- oscillates anymore in the PSM of vt/vt embryos, we
asked what effect the lack of these processes wouldscripts might be stabilized.
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Figure 5. The Clock and the Segmentation Process Are Impaired in the Wnt3a Mutant vestigial tail
In situ hybridizations of whole-mount 10.25 dpc vt/ or vt/vt embryo tails, analyzed for marker gene expression. Note downregulation of Axin2
and Fgf8 in the absence of Wnt3a (A), the noncyclic expression pattern of Lfng (B), and the expansion (anterior tail) or “salt and pepper”
pattern (bracket) of Uncx4.1 expression in vt/vt embryos (C).
(A) The arrow indicates a faint anterior Axin2 stripe.
have on somite formation in the mutant. To answer this These data show that Wnt3a plays a crucial role in
the control of Notch signaling and in the segmentationquestion we analyzed vt/vt tails at 10.25 and 11.5 dpc
for Uncx4.1 expression. Uncx4.1 is a marker for the process, in addition to its function in axial elongation
(Takada et al., 1994).caudal halves of segmented somites and acts down-
stream of Dll1 (Barrantes et al., 1999). Mutant vt/vt em-
bryos showed a broadening of the Uncx4.1 domain in Wnt/-Catenin Signaling Controls
the Segmentation Processthe anterior tail region. The posterior tail region showed
a “salt and pepper”-like pattern of Uncx4.1 expression The vertebral malformations observed in vt/vt embryos
in combination with the molecular data described aboveand no morphologically visible signs of segmentation
(Figure 5C), confirming previous observations (Takada provided strong hints that Wnt/-catenin signaling plays
an important role in the segmentation process. To gainet al., 1994).
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further molecular evidence to substantiate this idea we plays a major role in the clock and in the control of
segmentation. We discovered that Axin2, a negative reg-set out to manipulate the Wnt/-catenin signaling cas-
cade in vivo. In one set of experiments, the Axin2 gene ulator of Wnt signaling, shows oscillating mRNA tran-
scription in the presomitic mesoderm (PSM) and tailwas misexpressed in the PSM of transgenic mouse em-
bryos under control of the PSM-specific “msd” promoter bud. Cyclic Axin2 expression alternates with Lfng ex-
pression, a Notch pathway cycling gene, and occursof Dll1 (Beckers et al., 2000; msd::Axin2). This promoter
is supposed to provide constitutive, nonoscillating expres- even when Notch signaling is impaired. In contrast, Lfng
was downregulated in the posterior PSM when Wnt3asion in the posterior and anterior PSM, but not in the
tail bud. In another set of experiments, the tissue-spe- activity was lacking and did not show a cyclic expression
behavior anymore. This implies that Notch signaling iscific msd promoter was combined with a Tet operator,
providing additional temporal control of Axin2 expres- (indirectly) controlled by Wnt3a. Moreover, misexpres-
sion of Axin2 in the PSM resulted in ectopic upregulationsion (msd-TetO::Axin2; see Experimental Procedures).
Our data show that misexpression of Axin2 affects the of Lfng, disrupting its cyclic expression pattern, and
impaired the segmentation process. Therefore, Notchsegmentation process. The phenotype varied between
specimens, ranging from moderate to strong impairment signaling appears to act downstream of Axin2. In addi-
tion, we show that Axin2 is a direct target of Wnt/of somitogenesis (n 16). Somites were irregular in size
and were not aligned on either side of the neural tube -catenin signaling in the PSM and acts downstream of
Wnt3a, strongly suggesting that Wnt3a controls Notch(Figures 6A–6I). In addition, marker gene expression
analysis revealed expanded caudal halves of somites signaling via Axin2. Furthermore, misexpression of
Axin2 in the PSM resulted in enlarged somites, whileand fuzzy boundaries (Figures 6B, 6G, and 6H). In two
extreme cases, somite boundaries were not detectable expression of Wnt3a from NIH3T3 cells transplanted on
beads into the PSM of chick embryos had the oppositein the posterior region with Uncx4.1 as marker (Figure
6C and data not shown). Interestingly, embryos exam- effect, the formation of smaller somites. We also provide
indirect evidence for a graded distribution of Wnt3a ac-ined for Lfng expression showed an altered pattern,
asymmetry between left and right (Figures 6D, 6E, and tivity in the PSM. We propose that Wnt3a plays a major
role in the segmentation process.6I), ectopic upregulation in the PSM (Figures 6D, 6E,
and 6I) and a disruption of the characteristic wave and
stripe pattern (Figure 6I). The marker Uncx4.1 also re-
Periodic Wnt/-Catenin Signaling May Bevealed a striking increase of the somite size toward
Generated via a Negative-Feedbackthe caudal ends of the embryos (Figures 6F and 6H),
Mechanism Involving Axin2suggesting that the size of somites is controlled by Wnt/
We have shown that Axin2 is a direct target of Wnt/-catenin signaling.
-catenin signaling in the tail bud and PSM. Axin2 tran-Since an increase of the Wnt inhibitor Axin2, ex-
scripts in these sites accumulate and disappear in apressed from the transgene, resulted in larger somites,
periodic manner. This oscillating behavior can be ex-a higher dosage of Wnt3a should have the opposite
plained in at least two ways. One possibility is that Axin2effect. To test this prediction, we implanted microcarrier
transcription is constant and mRNA degradation occursbeads covered with NIH3T3 cells expressing Wnt3a into
periodically; another possibility is that degradation isthe posterior PSM of chick embryos, between paraxial
constant and transcription is initiated periodically. Lfngand lateral mesoderm. Embryos were harvested after
expression behaves in a similar manner to Axin2, and,the paraxial mesoderm next to the beads had undergone
recently, strong evidence in favor of the latter explana-segmentation. Indeed, NIH3T3-Wnt3a cells induced
tion has been presented (Morales et al., 2002). We thinksmaller somites and an anterior shift of segment bound-
that this explanation is very likely true for Axin2, also.aries, compared with the contralateral side (Figures 6K–
Since Axin2 has been shown to act as negative regula-6M) (n  17/26 operations). The reduction of the somite
tor of Wnt/-catenin signaling, upregulation of Axin2size was confirmed by cell counting (Figure 6O). The
would inhibit Wnt/-catenin signaling and shut off Axin2effect was local and short range and appeared to be
transcription. Such a negative-feedback mechanism in-triggered only by a subset of the implanted beads.
volving Axin2 has been proposed previously (Jho et al.,Beads covered with NIH-3T3 cells expressing lacZ were
2002; Lustig et al., 2002). In order to generate oscillatingimplanted into control embryos (n  12), all of which
Wnt/-catenin signaling, rather than completely switch-showed normal somite development (Figure 6N).
ing off this pathway, an additional component needs toThe combined data show that Wnt/-catenin signaling
be introduced, the degradation of Axin2 transcripts andplays a direct role in the patterning and segmentation
protein. The former is actually observed in the PSM, andof paraxial mesoderm and suggest that Wnt3a and Axin2
evidence for the latter comes from a recent report. It hasare key players in this process.
been observed that Axin protein is hypophosphorylated
and destabilized by Wnt signaling (reviewed in Seiden-
sticker and Behrens, 2000), and, since Axin2 acts in aDiscussion
similar way to Axin, it may also be destabilized by Wnt
Previously, a link between the Delta/Notch signaling signaling.
Though other mechanisms cannot be ruled out, wecascade and the segmentation clock has been estab-
lished (Holley et al., 2002; Pourquie, 2001). Here, we think that a negative-feedback control of Wnt/-catenin
signaling is the simplest and most likely explanation fordemonstrate that the Wnt/-catenin signaling cascade
Developmental Cell
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Figure 6. Wnt/-Catenin Signaling Controls the Segmentation Process
Whole-mount in situ hybridization of 9.5–10.25 dpc embryos misexpressing Axin2 in the PSM, (A and B) under spatially restricted control of
the Dll1 msd promoter and (C–I) under spatial and temporal control of the msd-TetO promoter.
(A and B) Analysis of Dll1 expression reveals irregular size and spacing of somites; left and right PSM expression is not aligned anteriorly
([A], black arrows). In addition, several caudal somite halves are expanded ([B], white arrows).
(C) Severe impairment of segmentation and skewed boundaries, as indicated by Uncx4.1 expression, are observed 48 hr after doxycyclin
induction; note the scattered Uncx4.1-positive cells in the caudal region.
(D–F) Analysis of Lfng reveals asymmetrical expression in the PSM 36 hr after induction, combined with irregular segmentation indicated by
Uncx4.1.
(D) The additional segment on the right half is indicated by the black arrow.
(E and F) The same embryo shown at a different angle.
(G–I) Embryo harvested 48 hr after induction, showing normal anterior development (G) before segmentation is severely impaired (H); note
the expansion of caudal somite halves, increase of somite size, and ectopic upregulation of Lfng in one side of the PSM ([I], bracket), where
Lfng expression is uniform in the entire PSM (I).
(K–N) Chick embryos carrying microcarrier beads, covered with cells expressing Wnt3a (K–M) or LacZ (N), 20–24 hr after implantation into
the posterior PSM. Smaller somites are visible on the operated side compared with the contralateral side.
(K) Embryo stained for c-delta1 expression (the smaller somite indicated by white lines).
(L) Multiple smaller somites.
(M) A segment boundary is shifted anteriorly (white line) on the operated side.
(N) Control embryo showing normal somite development.
(O) Cell count of somites on the implantation side (light gray; bead NIH3T3-lacZ or NIH3T3-Wnt3a cells) compared with somites on the
contralateral side (set to 100%).
the observed cyclic expression pattern of Axin2 in the how are the cyclic signaling activities of Wnt and Notch
intercalated? Our data show that Notch signaling in thePSM and tail bud.
posterior PSM is downregulated when Wnt3a activity
and Axin2 are lacking but is ectopically upregulatedWnt May Control Notch Signaling via Axin2
We have shown that Axin2 mRNA expression oscillates when Axin2 is overexpressed. These observations sug-
gest that Notch signaling acts downstream of Axin2 and,alternately with Lfng expression, raising the question,
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thus, downstream of Wnt3a. How could this tight link Wnt Controls Segmentation: A Model Integrating
“the Gradient and the Clock”between Wnt and Notch signaling be achieved?
We propose that Wnt3a controls intracellular oscillationsA direct link between both signaling cascades has
of Wnt/-catenin (Wnt) and Notch (NICD) signaling activitybeen suggested previously. In Drosophila, the intracellu-
in the PSM. At the onset of the clock cycle, Wnt activateslar domain of Notch, NICD, has been shown to bind to
Axin2 transcription through Dvl, which may inhibit Notchthe PDZ domain of dishevelled (dsh). Dsh interacts an-
signaling (“Wnt on-Notch off”; Figure 7A). Axin2 proteintagonistically with Notch, and, therefore, it has been
accumulates and inhibits Wnt signaling downstream ofsuggested that dsh blocks Notch signaling directly
Dvl, through a negative feedback mechanism, and maythrough binding of NICD (Axelrod et al., 1996). Axin also
also remove the inhibition of Notch through interactionbinds to the PDZ domain of Dvl, the vertebrate homolog
with Dvl (“Wnt off-Notch on”). Notch then upregulatesof dsh, and the Axin homolog Axin2 is likely to act in a
Lfng. In parallel, Axin2 mRNA and protein are degraded,similar manner (Seidensticker and Behrens, 2000).
probably triggered by constant Wnt signaling upstreamTherefore, in the PSM, Dvl might inhibit Notch signaling
of Dvl. Thus, Wnt/-catenin signaling downstream ofthrough binding of NICD, whereas Axin2 binding to the
Dvl is reestablished, and a new cycle begins.PDZ domain of Dvl might release NICD and thus trigger
While the embryo elongates caudally, Wnt3a expres-Notch target gene activation.
sion is restricted to the posterior end of the body axis.In summary, negative-feedback inhibition of Wnt/
Possibly because of slow decay of Wnt3a protein in the-catenin signaling via Axin2 might trigger Notch target
extracellular environment, a Wnt3a gradient is estab-gene activation and link both pathways. Destabilization
lished along the PSM (Figure 7B).of Axin2 would then reestablish Wnt signaling and lead
Cells are exposed to several waves of alternating Wntto inhibition of Notch. Such a mechanism would explain
and Notch signaling, whereby Wnt signaling activity be-the alternating waves of Wnt/-catenin and Notch target
comes weaker with each cycle (Figure 7C). As cells comeactivation observed in the PSM. However, the Notch
to lie in the anterior PSM, Wnt signaling activity fallssignaling cascade also appears to have a modulating
below a threshold and is permanently inactivated, andeffect on the oscillations of Wnt signaling, as indicated
the clock is arrested. At this point, Notch1 is strongly
by our data on Axin2 expression in Dll1/ embryos.
upregulated, and Axin2 expression is stabilized. The loss
of Wnt signaling activity may permit upregulation of
genes controlling somite boundary formation and intra-
The Graded Distribution of Axin2 Transcripts
segmental polarity.
Indicates a Gradient of Wnt Activity in the PSM
Because of decay of Wnt3a protein, the position along
Our data have demonstrated that Axin2 expression in the A-P axis having a threshold value of Wnt activity
the posterior PSM and tail bud depends on Wnt3a. This shifts posteriorly with time (Figure 7B). During the “Wnt
conclusion is based on two arguments. First, Axin2 tran- on” phase of the cycle, the segment boundary position
scription is not detectable in the PSM and tail bud of is defined between posterior PSM cells undergoing an-
10.25 dpc vt/vt embryos, well before axial development other oscillation cycle and a block of cells in which the
is arrested. Second, transgenic embryos expressing the clock has been arrested. The somite size depends on
lacZ reporter under control of a mutated Axin2 promoter, the slope of the Wnt gradient and the duration of one
deficient in Lef/Tcf binding sites, do not show reporter cycle of the segmentation clock.
activity in the tail bud and PSM. In addition, we have Our data provide evidence for several principal ele-
observed that Axin2 mRNA expression is graded along ments predicted by previous models to be required for
the PSM, with the highest level in the tail bud, during the segmentation process (Cooke and Zeeman, 1976;
phase 1 of the cycle (see Figure 1) and can be detected Meinhardt, 1986; Stern et al., 1988). Most importantly,
up to S-I. we provide molecular data suggesting a mechanism by
The combined data suggest that Wnt/-catenin sig- which the clock and the gradient may be established
naling reaches up to the anterior PSM and occurs in a and interact.
graded manner. However, Wnt3a transcription is re- Future experiments need to address several proposi-
stricted to the tail bud. These observations would be tions of the model. Among them, the molecular mecha-
easily explained by the assumption that Wnt3a protein, nism by which the Wnt and Notch signaling pathways
following translation in the tail bud, is not rapidly de- are coupled has to be explored in more detail. Specifi-
graded but subjected to slow decay in the extracellular cally, it remains to be confirmed that Notch signaling is
environment. A gradient of Wnt3a protein and signaling indeed controlled by oscillations of Wnt signaling, rather
activity would thus be established along the PSM, while than acting downstream of a general Wnt signal in the
the embryo elongates caudally. In agreement with this PSM. In particular, a more direct demonstration of the
interpretation is the finding that other components of the functional importance of the proposed negative-feed-
Wnt/-catenin pathway, such as the regulatory proteins back mechanism generating oscillations of Wnt signal-
ing for the segmentation clock is needed.Lef1 and Tcf1, are also expressed in the entire PSM
(Galceran et al., 1999). This could be coincidental but
makes perfect sense in the light of the data presented Wnt3a Acts Upstream of Fgf8 in the PSM
here. Whatever the mechanism may be, our data provide In a previous publication, evidence was presented that
indirect evidence for a gradient of Wnt/-catenin signal- segment boundary formation is controlled by a gradient
of Fgf8 in the PSM (Dubrulle et al., 2001). It has beening along the PSM.
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Figure 7. Model of Segmentation Process,
Integrating the Gradient and the Clock
(A) The segmentation clock: PSM cells oscil-
late between two states, “Wnt on-Notch off”
and “Wnt off-Notch on”. Wnt, Wnt signaling;
Dvl, vertebrate dishevelled; NICD, Notch intra-
cellular domain; arrow: activation, bar: inhi-
bition.
(B) The gradient and the clock: while the em-
bryo elongates caudally, Wnt3a expression
is restricted to the tail bud; Wnt3a protein/
signaling forms a gradient along the PSM and
suppresses differentiation; below a threshold
value (black/black-dotted line), Wnt signaling
becomes permanently inactivated (Wnt off).
The position along the A-P axis having a
threshold value of Wnt signaling activity shifts
posteriorly with time because of decay of
Wnt3a protein; segment boundary positions
(black arrowheads) are defined during the
“Wnt on” phase between (posterior) cells un-
dergoing another oscillation cycle (Wnt on)
and (anterior) cells, in which Wnt signaling is
switched off (Wnt off); the latter have escaped
suppression by Wnt and are free to form a
segment.
(C) The gradient and clock in a single PSM
cell: oscillations of Wnt signaling downstream
of Dvl (red) and Axin2 protein (blue) alternate
out of phase; Notch signaling (green) oscil-
lates in phase with Axin2 protein. Notch1 is
upregulated when Wnt activity has fallen be-
low the threshold (Wnt off); Axin2 is stabilized.
P, posterior; A, anterior. For details, see text.
shown that a threshold value of Fgf8 protein is involved -catenin inhibitor GSK3, can be activated by the PI3-
kinase pathway. The latter is positively regulated by Ras,in determining the boundary position. In light of our data
showing a similar function of Wnt3a, the questions arise, which, in turn, is activated by FGF (Fukumoto et al.,
2001; Jun et al., 1999). Thus, in the PSM, Fgf8 might actwhich of the two signals, Wnt3a or Fgf8, is the prime
determinant, and which acts downstream? First, we as a relay enhancer of Wnt/-catenin signaling.
Future experiments need to address the particularshow that Fgf8 is strongly downregulated in the tail bud
and PSM of vt/vt embryos. Second, our data provide role each of the two signals plays in defining the segment
boundary position and the proposed link between theevidence that the clock and the gradient are linked via
Wnt3a. We propose that Wnt3a acts upstream of Fgf8 signal and the clock.
Finally, the functional link between Wnt3a and thein the segmentation process. Some of the effects that
Wnt signaling has on somitogenesis may therefore be segmentation clock, demonstrated in this work, also
recalls previous reports showing that the regulation ofattributable to effects on the proposed Fgf8 gradient,
and, at the moment, it cannot be ruled out that they may Hox genes is functionally connected to the segmenta-
tion clock (Dubrulle et al., 2001; Zakany et al., 2001)be independent of those on Notch signaling.
There is evidence that FGF may enhance Wnt/ and that Wnt3a is involved in the control of positional
information along the body axis (Ikeya and Takada,-catenin signaling. Akt/PKB, a negative regulator of the
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luciferase and -galactosidase activities were measured on a Lumi-2001). Moreover, Wnt3a is required for the elongation
noskan Ascent luminometer (Thermo Labsystems). Normalized lucif-of the body axis (Greco et al., 1996; Takada et al., 1994).
erase activities were compared with a pCS2 control to calculateThus, Wnt3a appears to control and integrate all three
the fold induction. For assaying Axin2 promoter activity in transgenic
processes, body axis elongation, allocation of positional embryos, we cloned the lacZ gene downstream of the wild-type or
information, and segmentation. the mutated (1–7 m) Axin2 promoter. Constructs were injected into
pronuclei, and embryos were assayed in situ for -galactosidase
activity in 8.75–9.5 dpc mouse embryos.Experimental Procedures
Transgene ConstructsIsolation of Axin2
For misexpression of Axin2 in the PSM, two constructs were used.Axin2 (TB112) was identified in a large-scale screen for genes specif-
For msd::Ax2, the ORF of the lacZ gene contained in the reporterically expressed in the tail bud and PSM of 9.5 dpc mouse embryos,
construct Dll1tg’msd’/lacZ (Beckers et al., 2000) was replaced by theas described (Neidhardt et al., 2000), among 960 clones of a 9.5
mouse Axin2 ORF (Behrens et al., 1998). For msd-TetO::Ax2, thedpc tail bud library prepared with the SuperScript plasmid cDNA
Tet operator was isolated from the plasmid pUHD10-3 and clonedlibrary construction kit (Life Technologies) in vector pSV-Sport1.
between the msd promoter fragment and minimal promoter in the
construct Dll-Ax2. In misexpression experiments, this construct was
Whole-Mount In Situ Hybridization injected in combination with construct pActTsIns, expressing the
For antisense transcript preparation, clone TB112 (2800 bp) was transcriptional silencer Tet-tTS (Clontech) under control of the hu-
used as template for Axin2. Dll1, Notch1, and Uncx4.1 were isolated man -actin promoter, flanked by tandem copies of the chicken
in our screens. For Lfng, Fgf8, and Wnt3a, the original cDNA clones -globin insulator (courtesy of Moises Mallo). Axin2 expression from
described in the literature were used. Whole mount in situ hybridiza- this construct is silenced in the absence of doxycycline by binding of
tions were done as described (Aulehla and Johnson, 1999; Neidhardt Tet-tTS to the Tet operator sequence. Msd::Ax2 or msd-TetO::Ax2/
et al., 2000). For double labeling, NBT/BCIP (violet) or INT/BCIP (red) ActTsIns was injected into pronuclei of fertilized eggs according to
was used as an alkaline phosphatase substrate. Dll1/ embryos standard procedures. Embryos were taken at 9.5 dpc. Three em-
were identified by morphological criteria. Dll1/ embryos were as bryos showing severe impairment of segmentation were obtained
follows: Wnt3a (n  4), Brachyury (n  8), and Fgf8 (n  3); Wnt3a after Dll::Ax2 injection, and 13 were obtained after Dll-TetO-Ax2/
vt/vt embryos were as follows: Wnt3a (n  15), Axin2 (n  17), ActTsIns injection. Axin2 expression was induced by a single intra-
Brachyury (n  5), Fgf8 (n  17), Notch1 (n  14), Dll1 (n  9), peritoneal injection of 1 mg doxycycline-HCl (Sigma) into pregnant
Uncx4.1 (n  9), and Lfng (n  21). females at 8.25 dpc, followed by repeated (six times at 4 hr intervals)
intragastric administration of 1.6 mg doxycycline, which is supposed
to trigger dissociation of the silencer from the Tet operator. In addi-Embryo Half Culture Experiments
tion, 4 mg/ml doxycycline and 5% sucrose were added to the drink-Embryo culture experiments were performed essentially as de-
ing water. Embryos were harvested 36–48 hr after the first adminis-scribed (Correia and Conlon, 2000). Embryos were bisected in the
tration of doxycycline.midline with fine Tungsten needles, one embryo half was fixed imme-
diately, and the other was incubated in a hanging drop for various
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